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ABSTRACT

THE ROLE OF THE CORPUS ALLATUM IN THE CONTROL OF
LIFE PROCESSES IN PHORMIA REGINA (MEIGEN)
SEPTEMBER 1996
WENHONG QIN, B.S., BEIJING AGRICULTURAL UNIVERSITY
M S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Chih-Ming Yin

Allatectomy (C A') experiments revealed that the corpus allatum (C A), and thus juvenile
hormone (JH), plays several important roles in the control of vitellogenesis in the liver-fed
blowfly Phormia regina. C A", within 4 h of adult emergence, decreased the rate of
vitellogenin (Vg) production, lowered the hemolymph Vg level and resulted in arrested
ovarian development. CA' at different times showed that there is a critical period (i.e., ca.
12 h after a protein meal), prior to which the CA is required for complete vitellogenesis.
When doses of 10.0, 5.0 or 2.5 pg of methoprene (JH analogue) were applied twice,
vitellogenesis was nearly completely, partially, or not restored in CA', liver-fed flies,
respectively. In the absence of the CA, a liver meal resulted in fat body hypertrophy and
greatly reduced hemolymph Vg levels. Methoprene treatment restored Vg biosynthesis
and prevented fat body hypertrophy only if the treatment was administered within 48 h
after liver feeding. CA' greatly reduced the rate of crop emptying (thus, protein
utilization), but had no effect on protein ingestion. The CA is also needed to attain normal
ecdysteroid levels in the hemolymph. The present results support the notion that the CA
(JH) can affect vitellogenesis at various levels in liver-fed P. regina. It appears that,
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within 12 h after a protein meal, JH primes the previtellogenic fat body to prepare for Vg
biosynthesis, and primes the ovaries to produce ecdysteroids. JH also regulates normal
dietary protein utilization.

Neck-ligation, brain implantation, allatectomy, methoprene-treatment, and ovariectomy
indicated that the disappearance of pupal fat body cells, in newly emerged adult female P.
regina, is controlled by the brain and the corpus allatum (CA). Absence of the brain or
CA greatly lowered the rate of the fat body cell disappearance (i.e., cell death). The
dependency on the CA decreased from 0 to 36 h post-emergence indicating that the CA
was active during the earlier part of this timespan. Methoprene treatment enhanced pupal
fat body cell disappearance in allatectomized females. Brain implantation restored the rate
of pupal fat body cell disappearance in neck-ligated flies. Brains from 24 h-old, sugar-fed
flies proved to be more effective than those from 48 h-old, sugar-fed flies indicating that
maybe there is a window, after adult emergence, to allow the brain to regulate the CA
activity which then facilitates the death of pupal fat body cells. Ovariectomy did not alter
the rate of pupal fat body cell death in test animals. Dying pupal fat body cells were
smaller in size, less dense (i.e., did not sink in saline like normal pupal fat body cells), and
stickier (i.e., attached to other tissues tighter) than the healthy cells. Possible role played
by ecdysteroids in pupal fat body cell death is discussed also.

Mating behavior of both male and female P. regina, was regulated by the CA. A protein
diet initiated the CA-regulated mating behavior in both sexes. Approximately 10 mg of
liver was required for 80% of the males to inseminate females, while approximately 20 mg
of liver was required for 78% of the females to become inseminated. For females, less
protein (i.e., liver) was required to activate sexual receptivity (i.e., 10 mg) than to develop
mature eggs (i.e., >15 mg). Allatectomy greatly suppressed mating behavior of both
sexes. Topical application of 10 pg of methoprene (a juvenile hormone analogue) at 12 h
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after the onset of liver feeding significantly increased sexual activity of both allatectomized
males and females. Ovariectomy also greatly suppressed sexual receptivity in liver-fed
females. The percentage of successful inseminations coincides with the status of ovarian
development, which is influenced by the diet and JH. Thus, in addition to nutrition and the
CA, the ovaries may also play a role in regulating sexual receptivity in female P. regina.
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CHAPTER I
THE ROLE OF THE CORPUS ALLATUM IN THE CONTROL OF
VITELLOGENESIS AND FAT BODY HYPERTROPHY
IN PHORMIA REGINA (MEIGEN)

Introduction

Vitellogenesis occurs in two major steps. First, the fat body produces vitellogenin (Vg)
and releases it into the hemolymph. Second, Vg is taken up into the oocytes (Postlethwait
and Giorgi, 1985; Raikhel and Dhadialla, 1992). Although it is difficult to discern unifying
patterns in dipteran vitellogenesis due to the complexity of the hormonal control
mechanism (Kelly et al., 1987), a general requirement of a proteinaceous meal is critical
for vitellogenesis of anautogenous species such as Phormia regina, Calliphora vomitoria
(C. erythocephala), and Aedes aegypti. Without an adequate protein meal, no mature eggs
are produced. The blow fly, P. regina, provides an ideal system for studying the
interactions among nutrition, endocrines and vitellogenesis (Yin and Stoffolano, 1990,
1994). Orr (1964a) indicates that the corpus allatum (CA) is essential for controlling
vitellogenesis in P, regina. Allatectomy (CA ) before a protein meal prevents egg
development and induces fat body hypertrophy. Previous studies show that an adequate
protein meal is required for activating the CA to produce juvenile hormone (JH) (Liu et
al., 1988; Zou et al., 1989). Yin et al. (1989, 1990) also show that following a protein

meal, there is an immediate increase in the hemolymph ecdysteroid titer. It is concluded

1

that JH plays a major role in stimulating Vg uptake, whereas ecdysteroids regulate the
synthesis/release of Vg (Yin et al., 1989, 1990; StofFolano et al., 1992).

Earlier results with P. regina show that topical application of a juvenile hormone
analogue (JHA) to CA' flies restores vitellogenesis only if dietary protein is provided
(StofFolano et al., 1992). Precocene II treatment within 12 h after emergence reduces the
ability of the CA to produce JH by 81%. However, the residual CA biosynthetic activity
is still sufficient to trigger the appearance of Vg in the hemolymph. This lowered JH titer,
however, is insufficient to support Vg uptake by the oocytes, thus resulting in an
accumulation of Vg in the hemolymph (Yin et al., 1989). Whether Vg can be synthesized
in the complete absence of CA activity remains unknown.

In P. regina, earlier studies address the roles of the CA and JH in controlling oogenesis
(Orr, 1964a; Mjeni and Morrison, 1975, 1976; Fraenkel and Hollowell, 1979). The CA
also affects oogenesis indirectly in blow flies through its different effects on general
metabolism. For example, in the blow fly, C. vomitoria, CA' results in lowered oxygen
consumption and lowered midgut protease activity in adults (Thomsen and Hamburger,
1955; Thomsen and Miller, 1963). However, the above indirect roles of the CA on
vitellogenesis have received limited attention. It is possible that the failure of egg
development in the allatectomized flies is due to lowered metabolism, or alternatively, the
CA may prime the ovaries and regulate the production of ovarian ecdysteroids. The
present investigation was undertaken to study the multiple functions, both direct and
indirect, of the CA in regulating Vg synthesis in P. regina. The interactions among JH,
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ecdysteroids, the fat body and the ovaries in regulating oogenesis in P. regina will also be
discussed.

Materials and Methods

Maintenance of flies and developmental status of follicles

P. regina colonies were maintained as previously described (Stoffolano, 1974; Zou et al.,

1988). Flies emerging within a 4 h period were placed in the same age group. A 4.3%
sucrose solution was provided to all flies. All flies were kept at 28 ± 2°C, with a 16 h
light, 8 h dark photoregime.

Ovaries of liver-fed females were dissected in Phormia saline (Chen and Friedman, 1975)
at various times following treatment(s). The status of the primary follicles was
categorized into one of the 10 stages according to Adams and Reinecke (1979).
Previtellogenic follicles without the visible opaque materials (yolk) in the oocytes were
classified as stages 1 to 3. Vitellogenic follicles which contained oocytes with yolk were
classified as stages 4 to 9. Fully matured eggs were categorized as stage 10.

Surgical procedures

Most of the operations were performed on newly emerged females (within 4 h following
adult emergence), unless stated otherwise. The forceps used in all surgeries were rinsed
with 70% ethanol after each operation.
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Allatectomy (CA'): Flies were anaesthetized with C02 and chilled on ice for 5 min
before the surgery. The body of the fly was kept in position in the dissection dish with
plasticine. The head was bent forward using a plasticine strip to expose the neck area.
CA' was performed by the method of Thomsen (1942). The corpus cardiacum (CC)
remained intact. The mortality rate of the CA' flies was 20% (N=100). The shamoperation was identical to CA' except the CA was left undisturbed.

Ovariectomy (OV): The flies were held in position in the dissection dish with plasticine.
An incision was made posterior to the penultimate pair of abdominal spiracles. Bilateral
ovariectomies were performed as previously described by Strangways-Dixon (1961). The
mortality rate of the OV' flies was 30% (N=60).

Allatectomy plus ovariectomy (CA’OV’): When operations were performed on the same
fly, the CA was removed within 4 h after adult emergence, while the bilateral ovaries were
removed 24 h after CA'. The mortality rate of CA'OV flies was 40% (N=40).

Methoprene treatment

The synthetic juvenile hormone analogue, ^-methoprene (90% pure, a gift from Zoecon
Corp.) was dissolved in acetone to concentrations of 2.5, 5.0 or 10.0 pg/pl. Methoprene
treatments were performed twice at 5 and 24 h after liver feeding. The CA" flies were
divided into two groups. In the first group, 2.5, 5.0 or 10.0 pg of methoprene was applied
topically to the ventral surface of the abdomen of the fly twice. The second group was
treated with acetone twice and served as solvent controls.
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ELISA of hemolymph vitellogenin

Vitellin (Vt), which served as an antigen and as a standard for the standard curve, was
purified by a procedure described in Zou et al. (1988). The immunization procedure to
obtain antibodies and the details of the enzyme-linked immunosorbent assay (ELISA) for
Vg/Vt were also described (Yin et al., 1993). This improved ELISA (Duan, 1991),
having a detection range of 1 ng to 100 ng of Vt, was more sensitive than an earlier one
(Zou et al., 1988). All hemolymph samples were obtained from a small surgical incision at
the base of the wings. The body of the fly was gently pressed in order to get the
hemolymph. For each hemolymph sample, 1 pi of hemolymph collected from a single fly
was dissolved in 199 pi of carbonate buffer (pH 9.6). Ten microtiters of the above 200 pi
of diluted hemolymph sample were further diluted by adding 990 pi carbonate buffer.
Then, 100 pi of this second hemolymph carbonate buffer dilution (unknown sample) was
added to each well of the polystyrene ELISA plate (Coming, 25805-96, Coming, NY).

Radioimmunoassay for ecdysteroids

Hemolymph ecdysteroid titers were measured for liver-fed, CA‘ flies and liver-fed,
sham-operated flies using a previously described radioimmunoassay (RIA) method (Yin
and Chaw, 1984). Hemolymph samples were collected from CA' and sham control flies
32 and 48 h after liver feeding. For each sample, 5 pi of pooled hemolymph that was
collected from 2 to 4 flies was diluted in 95 pi of carbonate buffer (pH 9.6). The diluted
hemolymph sample was extracted with 100 pi of 80% methanol three times. After the
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methanol was evaporated from the pooled extract, ecdysteroids were assayed with the
RIA.

Quantification of protein content

The protein content of all samples was determined using an assay described by Bradford
(1976). Each batch of samples was accompanied with its own standard curve using
bovine serum albumin (BSA) as the standard.

Feeding and crop emptying in CA' and CA'OV flies: The crops of the operated flies
were dissected out, and the contents washed out from each crop individually using 100 pi
of phosphate-buffered saline (PBS, 0.02 M KH2P04, 0.3 M NaCl, pH 7.0). The total
protein content of the crop was collected and measured at various times after the onset
of liver feeding. The total crop protein content of the control and unoperated flies were
measured in the same way.

Total hemolymph protein: Hemolymph samples were obtained from small surgical
incisions at the base of the wings and diluted 20-30 fold using a phosphate-buffered saline
(PBS, pH 7.0). The total hemolymph protein of each sample was measured with the
Bradford method.

Dry weight of the adult fat body

The weight of the adult fat bodies was determined in order to demonstrate the effect of
different operations. Since the thoracic fat body constituted only a small amount and was

6

too dispersed for handling, only the abdominal fat body was measured in this experiment.
The adult fat body was carefully dissected out and washed with Phormia saline. The dry
weight of the fat bodies was measured using the method described by Orr (1964a).

Results

Effects of allatectomy, ovariectomy and allatectomy plus ovariectomy on
hemolymph vitellogenin (Vg) titer

Results in Fig. 1.1 show the time course of the Vg titer in liver-fed females after they
were allatectomized within 4 h of adult emergence. In the absence of the CA, a single
liver meal supported only a slow build-up of Vg to about 5.5 pg/pl in the hemolymph at
72 h after liver-feeding. The Vg level of CA' flies then decreased gradually to only 1.6
pg/fil at 192 h after liver-feeding. Compared with CA' flies, there was no significant
difference in Vg levels between sham-operated and unoperated flies (data not shown). Vg
levels of sham and unoperated flies increased to ca. 15 pg/pl at 48 h after the onset of
liver-feeding and then decreased very quickly to ca. 3.6 pg/pl at 72 h after liver-feeding.
The data indicated that CA' suppressed but did not completely block Vg biosynthesis,
because there were still considerable amounts of Vg in CA' and liver-fed flies compared to
that of unoperated, sugar-fed flies which had basal Vg levels (about 0.5 pg/pl). None of
the ovaries of CA* flies developed beyond stage 4, even 8 days after the liver meal.

The hemolymph Vg levels of OV and CA'OV' flies were also measured at 48 and 72 h
after the liver meal (Fig. 1.2). Compared with CA' flies, the increase of Vg level following
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Fig. 1.1. Hemolymph vitellogenin (Vg) concentrations in allatectomized and sham control
female P. regina at various times following a protein meal.
Allatectomy was performed within 4 h after emergence. All flies were kept on a 4.3%
sugar-water diet for 2.5 days from emergence and had sugar-water removed overnight
from the 2.5 to 3 days after emergence. At 72 h after adult emergence, all flies were
provided with liver for 1.5 h. Only the flies having a liver meal weighing 15.0 mg or more
were used for this experiment. Each datum point represents three replicates of 10-12 flies.
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Fig. 1.2. Hemolymph vitellogenin (Vg) concentrations in allatectomized, ovariectomized
and double-operated flies 48 and 72 h after the onset of liver feeding.
Allatectomy (CA') or ovariectomy (OV) alone was performed within 4 or 12 h after
emergence, respectively. In the combined operations, flies had the CA removed within 4 h
after emergence and were OV 24 h later. Feeding procedures were the same as those
described in Fig. 1.1. Each datum point represents two replicates of 5 flies.

10

Hours after liver meal

C/2

4J

2ZZ2

CA' flies

a
BC

L

<3 o
00

o u

Tf

N\\\^\\\\W^

VO

N

(pi/Sii) |9A9| 8a qdiuA|OLUOH

11

a liver meal was further slowed in OV and CA'OV' flies. At 72 h after liver-feeding, the
Vg level of OV flies was ca. 48% of that of CA' flies; with the Vg level of CA'OV flies at
ca. 28% of that of CA” flies. It is interesting to note that there was still a low level of
hemolymph Vg in CA'OV flies after a liver meal.

Effect of allatectomy at different times on hemolymph Vg level and egg development

The length of time during which the CA must be present to allow normal egg
development after one liver meal was investigated. The results shown in Table 1.1
indicated that there was a critical time (/. e., 12 h a.l.m.) prior to which the CA was
required. After that critical time, oogenesis proceeded almost normally in the absence of
the CA. As shown in Table 1.1, all CA' performed before and immediately after a livermeal had a significant influence on vitellogenesis, but CA' performed at 12 and 24 h after
the onset of liver-feeding had only a minor effect. Since the CA was required for ca. 12 h
after the onset of liver-feeding to fully support vitellogenesis, it can be concluded that
enough allatal hormone(s), which is needed for normal oogenesis, had already been
secreted within the 12 h period after the liver meal.

Effect of methoprene treatment on hemolymph Vg of the allatectomized flies
To determine the function of the CA (JH), 10.0, 5.0 or 2.5 pg of methoprene, a JHA,
was topically applied twice at 5 and 24 h after the liver meal, and the effect on ovarian
development was examined 48 h after the onset of the liver meal. With these doses,
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Table 1.1. Effect of allatectomy at different times
on the ovarian development of P. regina

Time of CA removal

No. flies

Follicle stage

Vg (|ig/pl) 48 h a.l.m.

24 h a.e.

10

3

3.8 +0.5a

48 h a.e.

12

2-4

4.2 ± 0.6a

68 h a.e.

15

2-5

4.9 ± 0.8a

3 h a.l.m.

14

2-5

5.6 ± 0.7a

6 h a.l.m.

14

3-6

6.7 +0.8b

12 h a.l.m.

15

5-10

10.5 +1.8c

24 h a.l.m.

13

7-10

13.6 ± 2.0d

Sham-operated control

10

9-10

14.0+ l.Od

Allatectomy was performed at various times after emergence (a.e.). Liver was
provided at 72 h after emergence for 1.5 h for all flies. Only the flies having a liver meal
weighing 15.0 mg or more were used for this experiment. Ovarian development and Vg
level were examined 48 h after the liver meal (aim.). Means of different groups (i.e., 24
h a.e., etc.) not followed by the same letter were significantly different from each other (P
< 0.05; ANOVA).
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Table 1.2. Effect of methoprene treatment on hemolymph
vitellogenin of the allatectomized flies

Dosage (mg)

No. flies

Follicle stage

Vg (pg/pl) 48 h a.l.m.

2.5 (2 x )

12

3-6

6.7 ±0.7

5.0 (2 x )

10

4-9

8.8 ±0.5

10.0 (2 x)

14

6-10

Acetone control (2 x )

10

3-4

Sham-operated control

12

8-10

12.4 ± 1.2
4.7 ±0.6
13.8 ±0.7

Allatectomy was performed within 4 h after adult eclosion and liver was provided 72 h
after eclosion for 1.5 h. Different doses of methoprene were topically applied 5 and 24 h
after the liver meal. One microliter of acetone was topically applied to the solvent control
group 5 and 24 h after the liver meal. Ovarian development and Vg levels were examined
48 h after the liver meal (aim.).
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methoprene could almost completely, partially or not restore Vg production in the CA'
flies, respectively (Table 1.2). It was clear that methoprene can replace the CA and
maintain a normal Vg production in the CA' P. regina.

Effects of allatectomy, ovariectomy and allatectomy plus ovariectomy on the adult
fat body

The effects of CA‘, OV and the combined operations on the adult fat body of P. regina
were also investigated. In this experiment, liver was provided for the CA', OV and CA'
OV flies at 72 h of adult age. The fat bodies were examined at various times following
the liver meal. A comparison of the dry weight of the fat bodies from CA', OV and CA'
OV flies was made (Fig. 1.3). Sham-operated flies served as controls. A typical
hypertrophy of the fat body could be observed by 48 h after a liver meal in the CA'OV
flies (data not shown) and 72 h after the liver meal in CA' flies (Fig. 1.3). No significant
fat body hypertrophy occurred in solely OV flies. The fat bodies of the CA'OV flies
started to gain weight quickly after the liver meal. At 72 h after liver-feeding, the weight
of fat bodies of CA'OV flies was 3 times heavier than that of the sham control. The fat
bodies of the CA* flies gained weight more gradually to about 5.2 mg on the 6th day (144
h) after the liver meal. Although they increased in weight more slowly in the beginning,
the fat body weights of the CA’ flies were not significantly different from those of the C A
OV flies 6 days after the liver feeding. On the 6th day after the liver meal, the average
weight of fat body of CA' flies was 3.5 times heavier than that of the sham-operated flies.
In the CA' and CA'OV flies, small amounts of pupal fat body were still present at 72 h
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Fig. 1.3. The dry weight of adult fat bodies removed from sham-operated,
ovariectomized, allatectomized and double-operated flies.
Fat bodies were removed 24, 72 or 144 h after the onset of liver feeding. See legend of
Figs. 1.1 and 1.2 for time course of the microsurgeries and liver feeding. Each datum
point represents two replicates of 5 flies.
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after the liver meal (data not shown). In contrast, the adult fat body of the CA' but sugarfed flies remained underdeveloped even when 8 days old (data not shown), with a large
amount of pupal fat body remaining. These results showed that the development of adult
fat body is under nutritional control which apparently exerts its effect via JH.

Effects of methoprene therapy on hypertrophied adult fat body and hemolymph Vg
titers

The adult fat body of liver-fed flies developed hypertrophy 3 days after a liver meal in the
absence of the CA. In order to test whether JHA therapy can prevent and/or return the
hypertrophied fat body to normal, methoprene treatments were conducted. As shown in
Table 1.3, before the fat body developed the typical hypertrophy, one single 10 pg
methoprene treatment at 3, 12 or 24 h after liver-feeding could effectively prevent fat body
hypertrophy and restore egg development in CA' flies. The same treatment also restored
the hemolymph titer of Vg to a range (from 11.3 to 12.5 pg/pl, Table 1.3) which was
comparable to that of the control flies (13.8 to 14.0 pg/pl, Tables 1.1 and 1.2). However,
if the same methoprene treatment was given to the same CA' flies at 72 and 96 h after
their liver meal (Table 1.3), the JHA therapy could not prevent the hypertrophy from
occurring. Treatments at these times led to low hemolymph Vg levels (1.6 to 2.0 pg/pl),
accordingly. Methoprene treatment at 48 h after the liver meal reduced fat body
hypertrophy but could not prevent its occurence. As expected, methoprene therapy
administered at this time led to an intermediate hemolymph Vg titer (6.8 pg/pl).
Increasing the dose of methoprene to 20 pg or increasing the number of methoprene
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treatments (/. e., 10 |Lig x 2) did not have a significant effect on reducing the fat body
hypertrophy when the treatments were given 72 h after the liver meal (data not shown).

This experiment indicated that once the fat body hypertrophy is well established in the
absence of the CA, later JHA therapy can not reverse its course for the time period
observed in this experiment.

Effect of allatectomy on ecdysteroid biosynthesis

The hemolymph ecdysteroid profiles of normal liver-fed, sugar-fed and precocenetreated, liver-fed P. regina have been determined (Yin ei al., 1989, 1990). In the present
study, the hemolymph ecdysteroid titers of the CA' and liver-fed flies were measured.
Data in Fig. 1.4 showed that in sham-operated flies, the hemolymph ecdysteroid titer
reached 29.6 ± 1.7 pg/pl at 32 h after the onset of liver feeding and then decreased to
11.5 ± 1.1 pg/|Lil at 48 h. In CA', liver-fed flies, the hemolymph ecdysteroid titer remained
undetectable in 47% of the hemolymph samples. Where detectable, it was present at low
levels (about 8.6 pg/pl hemolymph) in 53% of the samples at 32 h after the liver meal. At
48 h after the liver meal, 60% of the hemolymph ecdysteroid levels in CA', liver-fed flies
were undetectable, while those in the rest of the samples (40%) remained low (about 7.9
pg/|il). Thus, the data suggested that the CA is needed for the normal ecdysteroid
production by the ovaries.
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Table 1.3. Effect of methoprene treatment on fat body hypertrophy
and hemolymph vitellogenin titer

Time of JHA treatment
(a i m.) (h)

No. of flies

Fat body dry wt.
(mg/fly)

Vg (ng/nl)

3

8

1.7 ± 0.3a

12.5 ± 0.4a

12

9

1.8 ± 0.5a

12.1 ± 0.5a

24

9

2.2 ± 0.4a

11.3 ± 0.7a

48

10

3.1 ±0.5b

6.8 ± 0.4b

72

10

5.0± 0.6c

2.0 ± 0.3c

96

10

5.3 ± 0.6c

1.6 ± 0.2c

Allatectomy was performed within 4 h after adult emergence. Liver was provided 72 h
after emergence. JHA (methoprene 10.0 pg/fly) or acetone (1 fig/fly) was applied at
various times after the liver meal (a.l.m.). Fat body and hemolymph samples were taken
48 h after the methoprene treatment. Means of different groups of treatment in each
column not followed by the same letter were significantly different from one another (P <
0.05; ANOVA).
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Fig. 1.4. Hemolymph ecdysteroid titers of sham-operated control and allatectomized flies
32 and 48 h after the onset of liver feeding.
See legend of Fig. 1.1 for time course of the micro surgeries and liver feeding. Each datum
point represents two replicates of 8 flies.
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Effect of allatectomy and allatectomy plus ovariectomy on total hemolymph protein

The profiles of total hemolymph soluble proteins of normal, OV' and precocene-treated
black blow flies following a liver meal have been determined (Yin et al., 1989, 1990). The
profiles of total hemolymph proteins in CA' and CA'OV' flies were investigated here. The
hemolymph total protein levels of sham-operated flies increased rapidly to a peak value of
about 30 pg/pl, 32 h after liver-feeding and then quickly declined to very low levels (about
0.5 pg/pl) 96 h after the liver meal (Fig. 1.5). The total protein profiles of the CA' and
CA“OV flies were strikingly different from that of the control flies. The profiles lagged
behind and protein increased more slowly than those of the control flies; but, the peaks of
the total protein levels were significantly higher than the peak for control flies. At 72 h
after liver feeding, the total protein levels of the CA' and CA'OV' flies reached peak values
of 43 pg/pl and 48 pg/pl, respectively. Only a slight decrease of these peak levels
occurred in CA' and CA'OV flies in the ensuing 24 h.

Effect of allatectomy on protein ingestion and crop emptying

The major function of the crop is to store ingested food temporarily (Stoffolano et al.,
1994). Ingested food is transferred from the crop to the midgut for digestion and
absorption. In order to test whether allatectomy has any influence on protein ingestion,
the body weights of the sham-operated and CA' flies (operated within 4 h after adult
emergence) were measured immediately after their liver meal (provided at 72 h after adult
emergence). The data showed that the average body weight of 20 sham-operated and 30
CA' flies after feeding on liver for 1.5 h was 59.7 ± 3.5 mg and 58.2 ± 3.7 mg,
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Fig. 1.5. Total hemolymph proteins in allatectomized and double-operated flies.
See Figs. 1.1 and 1.2 for time course of micro surgeries and liver feeding. Each point
represents the mean ± SEM of 8 different samples.
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Fig. 1.6. Total protein contents of the crop of sham-operated and allatectomized flies.
See Fig. 1.1 for time course of microsurgeries and liver feeding. Each point represents the
mean + SEM of five different samples.
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respectively. There was no significant difference (t-test, p < 0.05) between the control
and CA' flies. It is clear that CA' had little influence on liver ingestion.

Crop protein contents were measured to reflect the rate of crop emptying in the CA'
flies. Data (Fig. 1.6) showed that, in sham-operated flies, the total protein contents
decreased from 2.6 mg BSA equivalent (right after liver feeding) to about 0.7 mg (72 h
after liver feeding), or a 70% decrease in 3 days. On the other hand, crop protein contents
of the CA’ flies declined from 2.7 mg to about 1.7 mg, or a 37% decrease in 3 days. The
significant difference in the remaining total crop protein contents between sham control
and CA' flies indicates that the CA affects crop emptying, therefore, protein utilization.

Discussion

JH plays multiple roles in vitellogenesis

The results showed that JH plays several different roles in the regulation of
vitellogenesis. JH is important for normal Vg production in liver-fed P. regina. CA' slows
crop emptying, decreases the rate of Vg production, reduces the hemolymph Vg level, and
arrests ovarian development. Likewise, chemical CA' (/. e., topical application of
precocene II) within 12 h after emergence also greatly suppresses Vg biosynthesis (Yin et
al., 1989) in liver-fed flies.
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On comparison of the profiles of hemolymph Vg levels of CA' flies with those of
precocene II-treated flies, a similar pattern emerged, with the exception that the peak
value of Vg in CA' flies is only about 50% of that of precocene II-treated flies. This
difference may reflect the fact that the CA of the precocene-treated fly can still synthesize
a small quantity of JH (i. e., about 19% of the untreated controls, Yin et al., 1989),
whereas in CA' flies, JH biosynthesis by the CA is totally eliminated.

Results from CA' flies also indicated that the previous conclusion reached from
precocene II experiments (Yin et al., 1989) needs revision. Yin et al. (1989, 1990) and
Stoffolano et al. (1992) have recognized that the major function of JH is to regulate the
uptake of Vg by the developing oocytes. Although this assertion is confirmed by the
present work, the present data from CA*, liver-fed flies showed that JH also plays several
roles in maintaining Vg biosynthesis. These roles will be discussed later.

In the absence of a liver meal, neither methoprene nor JH III could induce Vg
biosynthesis (Stoffolano et al., 1992). Therefore, JH fail to induce Vg biosynthesis in
sugar-fed flies. In contrast, methoprene or JH III treatment did stimulate a slight
sequestration of non-Vg hemolymph protein (ovaries developed from stage 3 to 4) by the
oocytes of sugar-fed flies (Stoffolano et al., 1992). Thus, the action of JH, in terms of Vg
production and Vg uptake are very different between sugar-fed and liver-fed flies.

Studies with closely related Diptera have demonstrated that, a protein diet also
determines the role played by JH or exogenous JHA. For example, consistent with the
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present results, methoprene could not stimulate Vg biosynthesis in non-liver-fed flies such
as Calliphora, Lucilia and Sarcophaga (Huybrechts and De Loof, 1982). In an
anautogenous strain of house fly, M domestica, removal of the CC-CA complex resulted
in a low Vg level and JHA treatment increased the Vg level only when the flies were fed
protein (Adams and Gerst, 1992).

The situation is different in the fruit fly, Drosophila melanogaster, due to the natural
occurrence of autogeny. Autogeny in D. melanogaster depends both on strain and larval
feeding methods, although, only a small percentage of the population is autogenous in the
sense of laying mature, viable eggs without a protein meal (Kelly, 1994). When isolated
abdomens of D. melanogaster were treated with methoprene, vitellogenic eggs were
developed (Postlethwait and Handler, 1979). JHA treatment also promoted yolk-protein
gene transcription in starved D. melanogaster (Bownes et al., 1988).

The above differences make clear the diverse nature of the endocrine control of
oogenesis of the first gonadotropic cycle of dipterans. It is worth noting, however, that
among dipterans, the endocrine control mechanisms regulating the second and subsequent
ovarian cycles may show fewer differences than that of the first ovarian cycle, and a
protein meals is required universally for supporting the second ovarian cycle regardless of
whether the dipteran species is anautogenous or not.

Another previously unnoticed point concerns the critical period in which the CA is
required for supporting oogenesis. CA' conducted at various times post emergence
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indicated that the CA is needed only for ca. 12 to 24 h after a protein feeding (Table 1.1).
Thus, we know that the observed high levels of JH biosynthesis by the CA from 24 to 56 h
post-liver meal (Zou et al., 1989) are not critical for oogenesis. These high JH titers may
be important in some yet unidentified events including development of female
attractiveness and receptiveness, mating, and egg laying.

JH action on adult fat body of P. regina

If JH is important in keeping Vg biosynthesis at a normal rate, how does it accomplish
this function. Orr (1964a, 1964b) has demonstrated that the CA, instead of having a
direct gonadotropic function, regulates fat body lipid metabolism and therefore, plays an
indirect role in egg development in P. regina. According to Orr, CA' before the ingestion
of a protein meal of a critical quantity results in fat body hypertrophy (/. e., fat body is
used for lipid accumulation rather than protein synthesis). The hypertrophied fat body
leads to no Vg production in P. regina. The present study has confirmed Orr's results
(Fig. 1.3) except for one difference. Orr (1964a) has shown that the fat body weight of
CA'OV flies increased more slowly than that of CA' flies, whereas the present study find
that fat body of CA'OV flies gained weight faster than CA' flies during the first 72 h after
liver feeding, although there is no difference in fat body dry weight between CA* and CA'
OV flies at 144 h after liver feeding. Ovariectomy alone can not induce fat body
hypertropy, which agrees with Orr (1964a). Since ovaries are the major (but not the only)
source of dietary-induced ecdysteroids in P. regina (Yin et al., 1990), absence of ovarian
ecdysteroids does not cause fat body hypertrophy in OV, liver-fed flies.
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The role of JH in fat body hypertrophy is further tested by using hormone therapy on
CA and liver-fed flies. Data in Table 1.3 show that methoprene treatment can restore Vg
biosynthesis and prevent fat body hypertrophy only if it is applied before 48 h after liver
feeding. After the hypertrophied fat body is well developed, it becomes insensitive to
methoprene. Under experimental conditions used here, it appears that either the
methoprene failed to reach the target or the fat body cells had lost their ability to respond
to the methoprene therapy. These possibilities open numerous opportunities for future
research including regulations of cuticular penetration of methoprene, hemolymph carrier
protein, hemolymph degradative enzymes, all fat body cell components related to signal
transduction, and all components involved in Vg production and secretion.

In blood-fed mosquitoes, A. aegypti, JH regulates Vg biosynthesis indirectly by
controlling the previtellogenic development of the fat body and the ovaries (Hagedom et
al., 1977; Raikhel and Lea, 1990). JH controls previtellogenic activation of the fat body
nucleoli and the production of rRNA (Raikhel and Lea, 1990). It is clear that JH can
regulate Vg biosynthesis at the transcriptional level in A, aegypti.

The CA' experiment in P. regina showed that in normal flies, the CA keeps the fat body
in the Vg biosynthetic mode (Fig. 1.1). In the absence of the CA, the fat body switches to
a lipid accumulation mode when a sufficient protein meal is ingested (Orr 1964b; present
study). In this regard, one of the important functions of JH in P. regina is, as it is in the
mosquito, to regulate the previtellogenic conditioning of fat body to ensure its ability to
produce Vg. The present results suggest that, in the absence of the CA, Vg gene
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expression is down regulated although not completely halted. A low level of CA activity
is sufficient to support normal Vg biosynthesis by the fat body. A higher dose of JH is
required for Vg uptake by the oocyte. However, if JH is not available or insufficient in
CA flies within 48 h of a liver meal, fat body cells will undergo hypertrophy and will not
respond to subsequent JH therapy. This hypertrophy is regulated by some mechanisms
which is activated in the absence of JH. These mechanisms should be further investigated
at the molecular level. It is also not presently known whether the refractory nature of the
hypertropied fat body to JHA therapy is reversible under different experimental conditions.

Effect of JH on protein metabolism and utilization

Results showed that C A' greatly reduced the rate of crop emptying (presumably
represents protein utilization), although protein ingestion of the CA' flies remained normal.
The reduced rate of crop emptying may be linked to a reduced gut proteinase activity
(Thomsen and Miller, 1963) or to a reduced protein requirement by the fly because of the
lowering of protein metabolism (Wilkens, 1969). Interestingly, whatever abnormality it
may be, it does not prevent the final build-up of a high hemolymph protein level in CA'
flies. This may be due to the failure of uptake of hemolymph proteins (including some Vg)
by the oocytes in the absence of the CA.

Interaction between JH and ecdysteroids and their respective roles in vitellogenesis

In many Diptera, both JH and ecdysteroids play important roles in Vg synthesis in the fat
body and Vg uptake by the developing oocyte to form vitellin (Agui et al., 1991). JH has
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been determined to be involved in (1) enhancement of ecdysteroid production in A.
aegypti (Borovsky et al., 1985), D. melcmogaster (Kelly et al., 1987; Schwartz et al.,

1985) and M, domestica (Agui et al., 1993). The experimental evidence from this work is
consistent with this assertion (Yin et al, 1989, 1990; present study); (2) conditioning of
the fat body to respond to ecdysone in A aegypti (Flanagan and Hagedom, 1977), a result
consistent with the present study; (3) priming of follicular cells to respond to a nutritive
diet and egg development neurosecretory hormone in A. aegypti (Shapiro and Hagedorn,
1982). A similar mechanism has been proposed for P. regina (Yin et al., 1994); and (4)
regulating follicular cells to develop patency (Mazzini et al., 1987; Yin et al., 1994).
Thus, the roles of JH in vitellogenesis appear to be multiple and indirect.

A direct role in Vg biosynthesis has been assigned to ecdysterone in S. bullata (Briers
and Huybrechts, 1984). Ecdysterone has been shown to trigger ultrastructural changes in
fat body cells in order to prepare them for intensive protein synthesis (Stoppie et al.,
1981). However, earlier work has failed to invoke molting hormone in the appearance of
protein synthesizing organelles in fat body cells of the blow fly, C. vomitoria (Thomsen
and Thomsen, 1978). Those workers believe that the ultrastructural changes in the fat
body cells may be regulated by the median neurosecretory cells. A direct effect of
ecdysteroid on fat body cells may be more convincingly established if specific receptors
and a signal transduction system can be identified in the future.

Vg biosynthesis in P. regina is regulated by both JH and ecdysteroids. At lower titers (/.
e., the doses experienced by a female within 12 h of a liver meal), JH primes
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previtellogenic fat bodies to prepare for Vg production and primes ovaries to produce
ecdysteroids. The lower titers also allow normal crop emptying, thus, normal dietary
protein utilization. At higher titers (/. e., the doses experienced by a female 12 to 24 h
after a liver meal), JH stimulates Vg uptake. Much higher titers (/. e., those experienced
by a female 24 to 56 h after a liver meal) may stimulate the development of female
attractiveness, receptiveness to males, and ability to oviposit. It is not known, at the
moment, if JH can affect Vg gene expression at the DNA level in higher dipterans
(Bownes, 1989).

InM domestica, Agui and co-workers (1991) have shown that ecdysteroids induce Vg
gene transcription more effectively than JH does. Results of this study, that there is still a
low level of Vg in the absence of both the CA and the ovaries in P.regina (Fig. 1.2),
should not be taken as a proof that Vg gene expression does not need any JH. In CA'
flies, there may still be a residual level of JH carried over from prior liver-feeding, because
the CA of sugar-fed flies is not totally inactive (Yin et al., 1995). Whether there is a
residual level of JH or not remains to be determined. Nevertheless, the presence of a low
level of Vg in CA'OV flies points to an interesting possibility that the Vg gene is always
expressed at a very low rate. After a protein meal, and the activation of the
neuroendocrine cascade, both JH and ecdysteroid may work in concert to enhance the rate
of Vg gene transcription and/or vitellogenin mRNA translation in P. regina. This
possibility will be tested in the future.
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CHAPTER II

ENDOCRINE CONTROL OF PUPAL FAT BODY DISAPPEARANCE
IN THE BLACK BLOW FLY, PHORMIA REGINA (MEIGEN)

Introduction

The most obvious models for cell death are provided by insects which undergo
metamorphosis (Lockshin, 1980, 1985). In holometabolous insects, most larval and pupal
tissues, including the fat body, degenerate during metamorphosis (Bodenstein, 1950;
Lockshin, 1980). Thus, pupal fat body degenerates in adult flies.

Two types of fat bodies are found to co-exist in the newly emerged adults of higher
Diptera; they are pupal and adult fat bodies [Day (1943) for Sarcophaga; Thomsen
(1952) for Calliphora; Harlow (1956) for Protophormia; Butterworth (1972) for
Drosophila.; Adams and Nelson (1970) for Musca; Stoffolano (1974) for Phormia]. Pupal
fat body is derived from larval fat body during pupation (Adams and Nelson, 1970). In
Drosophila melanogaster, the larval fat body separates into individual cells during the
pupal stage. Around a thousand of these larval fat cells survive the metamorphosis and
persist into the adult stage (Butterworth, 1972; Postlethwait and Jones, 1978). In
Drosophila literature, the adipose tissue, which is present during the larval and pupal
periods, as well as for the first 2 days of the adult stage, has always been called larval fat
body (Butterworth, 1972; Postlethwait and Jones, 1978). In this study, as well as most
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studies on other dipterans, the pupal adipose tissue, which is derived from larval fat body
and will degenerate during early adult life, is called pupal fat body.

Disappearance of the larval fat body in D. melanogaster adults is promoted by an
unidentified extrinsic factor, which is much more effective in newly emerged flies than in
older flies (Butterworth and Bodenstein, 1967; Butterworth, 1972). In the flesh fly,
Sarcophaga bullata, disappearance of pupal fat body depends on the presence of the
corpus allatum (CA). Its pupal fat body never completely disappears if the CA is removed
immediately after adult emergence (Day, 1943). This is consistent with the general idea
that, with rare exceptions, cell death related to metamorphosis is always under some
hormonal control (Lockshin, 1985). In D. melanogaster, juvenile hormone (JH) facilitates
the larval fat body disappearance in isolated abdomens (Postlethwait and Jones, 1978).
Shemshedini and Wilson (1993) find JH binding proteins in the nuclei of larval fat body of
D. melanogaster and thus provides a possible mechanism for the hormonal control of fat
body cell death in this species. Sakurai (1977) also finds that methoprene (i.e., a JH
analogue) can promote cell death in the pupal fat body of female Musca domestica.
However, Adams and Nelson (1970) have maintained that retention of the pupal fat body
is not due to the presence or absence of the CA or JH, but is associated with the function
of the ovary and egg development. Thus, it is of interest to determine, in Phormia regina,
the relative roles the CA and ovary play in the disappearance of pupal fat body. The
present study was designed to answer the following questions:
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1. What is the time course of pupal fat body disappearance in control and allatectomized
P. regina, when the CA is removed within 4 h of adult emergence?
2. Does allatectomy completely prevent or just retard the pupal fat body cell
disappearance?
3. Is there a critical period for the CA to be present to facilitate the pupal fat body
disappearance?
4. Can a synthetic juvenoid (methoprene) replace the function of CA?
5. Is the CA controlled by a brain factor?
6. Does the ovary play any role in the pupal fat body disappearance?
7. What are the characteristics of the pupal fat body prior to its disappearance?

Materials and Methods

Insects

P. regina were maintained as previously described (Stoffolano, 1974). Hourly
observations of pupae were made each day to allow collection of newly emerged flies of
similar ages (within one hour of each other). Only females were used in this study. All
flies were maintained on a 4.3% sucrose solution diet unless otherwise mentioned. Flies
were kept at 28 ± 2°C under a 16 h light: 8 h dark photoregime.
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Surgical procedures

Allatectomy (CA*): CA* was performed within 4 h of adult emergence unless stated
otherwise. The females were anesthetized with CO2 and chilled on crushed ice for 5 min
before the operation. The body of the fly was kept in position in a dissection dish with
plasticine. The head was bent forward to expose the neck area in order to remove the CA.
CA" was performed by the method of Thomsen (1952). Sham operation was identical to
CA* except that the CA was left intact. The forceps were rinsed with 70% alcohol after
each operation. The mortality rate of the CA* flies was 20% (N=100).

Ovariectomy (OV“): OV" was performed within 12 h of adult emergence. The flies
were held in position in a dissection dish with plasticine. Bilateral OV" was performed as
previously described by Strangways-Dixon (1961). An incision was made posterior to the
spiracle on the penultimate abdominal segment. One pair of the forceps was used to grab
the tracheae, which connect the ovary and the abdominal segment. The ovary was pulled
out and removed by another pair of forceps. The forceps were rinsed with 70% alcohol
after each operation. The same procedure was repeated for the ovary on the other side.
The mortality rate of the OV" flies was 30% (N=60).

Neck ligation: Neck ligation was performed within 3 h of adult emergence. Neck
ligation and sham-ligation were performed by the method of Yin et al. (1993). About
90% of the neck ligated flies survived for at least three days (N=60).
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Brain implantation: Newly emerged females were neck-ligated within 3 h of adult
emergence to serve as implant recipients. The donors of the brain were either 24- or 48- h
old sugar-fed females. The head of the donor was removed using fine scissors and the
brain was dissected out in a Petri dish contained Phormia saline (Chen and Friedman,
1975). Only the pars intercerebralis of the protocerebrum of the donor brain, which
contains both the median and the lateral neurosecretory cells, was implanted into the
recipient through a slit in her third abdominal intersegmental membrane. Two brain
equivalents of pars intercerebralis were implanted per recipient. Care was taken that the
neighboring tissues were not damaged. Sham operation was performed by implanting a
piece of optic lobe, i.e., a piece of nervous tissue without neurosecretory cells (the bluishwhite neurosecretory cells are not present in the optic lobe). The mortality of the neckligated and brain-implanted flies was 35% (N=40).

Methoprene treatment

S-methoprene (a gift from Zoecon Corp.), a synthetic JH analogue (JHA), was dissolved
in acetone to concentrations of 1, 2, and 5 pg/pl, respectively. A volume of 1 pi of one of
the above methoprene solutions was applied topically to the ventral surface of the
abdomen of the CA" flies right after the operation (i.e., ca. 5 h of age) and again at 24 h of
age. Flies, which served as the solvent control, received 1 pi of acetone twice topically
with the same timing as the methoprene-treated flies. Sham-operated control flies
received neither methoprene nor acetone.
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Fat body collection and volume measurement

Since the cephalic and the thoracic pupal fat bodies constituted only a relatively small
mass and were dispersed, only the abdominal pupal fat bodies were collected in this study.
Each abdomen was removed and slit open longitudinally in 500 pi Phormia saline. The
opened abdomen was gently agitated in the saline with a pair of fine forceps to release the
pupal fat body cells. More cells were also washed into the saline by dipping and rinsing
the body wall of the abdomen and the gut in the same saline several times. Only trace
amounts of the pupal fat cells remained in the abdomen after using this procedure. The
removed pupal fat body cells, together with about 450 pi of saline, were transferred into a
micro-centrifuge tube for volume measurement (Micro-tube for microsedimentation,
Sarstedt, #72.702) using a 200 pi pipette.

The micro-tubes were centrifuged for 1.5 min at 2,500 g in a Beckman micro-centrifuge
II. After centrifugation, a line was made on the side of the tube to indicate the height of
the pupal fat body pellet. All the cells were then rinsed out using a Hamilton syringe.
After the tubes were completely dried, another Hamilton syringe was used to inject
distilled water into the tube up to the line marking the height of the pupal fat body cell
pellet. The total volume of the pupal fat body cells was approximated as equal to the
volume of water injected into the tube.
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Results

AUatectomy slowed the abdominal pupal fat body disappearance
The abdominal fat body cells of CA' flies disappeared at a much slower rate when
compared with the sham and unoperated control flies (Fig. 2.1). Newly emerged flies had
an average of 5.4 pi of pupal fat body cells. On day 3 of adult age, CA" flies had about 4
times more pupal fat body cells remaining than the sham and unoperated control flies. On
day 4, when pupal fat body cells had almost totally disappeared from the sham and
unoperated control flies, an average of 50% of the total initial amount of fat body (/.<?., 2.7
pi) still remained in the CA" flies. Despite the slow rate of pupal fat body disappearance
in CA" flies, all pupal fat body was gone by day 9 of adulthood.

Allatectomy at different times affected abdominal pupal fat body volume

AUatectomy was also performed at 12, 24 and 36 h of adult ages (Table 2.1). The cell
death rates of the pupal fat body were significantly higher showing a progressive pattern in
the flies allatectomized at these three later times (Table 2.1) when compared to that in flies
allatectomized within 4 h of emergence (Fig. 2.1). When allatectomized at 36 h of adult
age, the rate of pupal fat body disappearance was not significantly different from that of
the sham-operated flies (t-test, p < 0.05). On day 3 of adult age, the pupal fat body
volume of CA" flies (allatectomized at 12 and 24 h of age) was 77 and 50%, respectively,
of those allatectomized at less than 4 h of adult emergence. This experiment showed that
there is a critical period in which the CA supported the normal rate of pupal fat body
disappearance. This requirement appeared to end at ca. 36 h of adult chronological age.
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After that time, CA" could no longer slow down the rate of pupal fat body cell
disappearance.

Methoprene treatment restored the rate of pupal fat body cell disappearance from
the adult abdomen in allatectomized flies

To further examine whether the greatly reduced rate of pupal fat body cell disappearance
in C A' flies is due to lack of JH, flies were allatectomized within 4 h of adult emergence
and then treated with different doses of methoprene (Table 2.2) of 1, 2, or 5 pg twice (at
5 and 24 h of adult age). The results showed that methoprene treatment could either
completely, or partially or fail to replace the CA when it was applied with a dose of 5, 2,
or 1 pg, respectively. It suggests that JH facilitates disappearance of pupal fat body.

Ovariectomy at 12 h into adulthood did not affect the rate of pupal fat body
disappearance
Ovariectomy was performed at ca. 12 h of adult age in order to examine whether the
ovary plays a role in promoting pupal fat body cell death. The results (Fig, 2.2) showed
that the rate of pupal fat body disappearance in O V" flies was not significantly different
from that of sham-operated flies. On day 4 of adult age, almost all pupal fat body cells
disappeared in both ovariectomized and sham-operated flies. This experiment indicated
that, after 12 h into adulthood, the ovary was not required for the disappearance of pupal
fat body.
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Fig. 2.1. Effect of allatectomy on the disappearance of abdominal pupal fat body.
Allatectomy was performed within 4 h of adult age. All the flies were fed on a 4.3% sugar
solution during the entire course of the experiment. The volumes of abdominal pupal fat
body were measured daily. Each datum point represents three replicates of 8 to 10
females. Vertical bar for each datum point represents ± SEM
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Table 2.1. Effect of allatectomy at different times on
abdominal pupal fat body volume

Adult age

Pupal fat bodv volume fuD

(day)

Sham

0

CA' (12 h)

CA‘ (24 h)

CA‘ (36 h)

5.4 ±0.3

5.5 ±0.3

5.4 ±0.4

5.5 ±0.4

1

3.3 ±0.2

3.9 ±0.2

3.6 ±0.3

3.5 ±0.4

2

1.9 ±0.2

3.4 ±0.3

2.5 ±0.2

2.1 ±0.2

3

0.8 ±0.1

2.6 ±0.3

1.7 ±0.2

1.1 ±0.2

4

0.2 ±0.1

1.5 ±0.2

0.8 ±0.1

0.5 ±0.1

5

0

0.7 ±0.2

0.3 ±0.1

0

6

0

0.5 ±0.1

0

0

7

0

0

0

0

Allatectomies were performed at ca. 12 h, 24 h, and 36 h following adult eclosion.
Sham operation was performed at ca. 12 h of adult eclosion. All flies were fed on a 4.3%
sucrose solution diet. The volumes of abdominal pupal fat bodies (P.F.B.) of the different
groups were measured daily at the same time. An adult age of zero days corresponds to a
newly emerged fly (within 4 h of adult age) in this experiment. Each datum represents the
mean ± SD of 5 different samples.
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Table 2.2. Effects of methoprene on the disappearance of abdominal
pupal fat body in allatectomized females
Treatments

Methoprene

Punal fat body volume at various times (u\)
Day 1

Day 3

Day 5

Day 7

4.3 ±0.4

3.3 ±0.3

1.5 ±0.3

0.4 ±0.1

4.1 ±0.2

3.0 ±0.3

1.1 ±0.2

0.2 ±0.1

3.9 ±0.2

1.7 ±0.2

0.7 ±0.2

0

3.5 ±0.3

1.0 ±0.2

0.3 ±0.3

0

3.4 ±0.2

0.8 ±0.2

0

0

1 jag/fly (2 x)
Methoprene
2 jLig/fly (2 x)
Methoprene
5 |ig/fly (2 x)
Acetone control
1 M-l/fly (2 x)
Sham-operated
control

Allatectomies were performed within 4 h after adult eclosion. Different doses of
methoprene or acetone were applied twice at 5 (i.e., right after allatectomy) and 24 h
following CA'. Each datum represents the mean ± SD of 7 different samples.
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Neck ligation hindered the rate of pupal fat body disappearance from the adult
abdomen

To test whether the CA is under the control of the brain in the regulation of pupal fat
body cell disappearance, a neck ligation experiment was performed. Results (Fig. 2.3)
showed that neck ligation (the CC-CA complex was left intact in the thracico-abdominal
compartment) performed within 3 h of adult emergence greatly reduced the rate of pupal
fat body cell disappearance. On the 3rd day of adult age, ca. 13% of the total initial
abdominal pupal fat body cells in sham control flies remained; however, ca. 60% of these
cells remained in the neck-ligated flies. This experiment suggested that the head is
involved in the regulation of the disappearance of pupal fat body cells.

Effect of brain implantation on the rate of pupal fat body disappearance from the
adult abdomen in neck-ligated flies

To determine if the CA is under hormonal control from the brain in the regulation of
pupal fat body disappearance, a brain implantation experiment was performed on neckligated flies (ligated within 3 h after adult emergence). Results (Fig. 2.4) showed that
brain implantation could partially restore the rate of disappearance of pupal fat body cells.
To test at what time the brain is active in terms of brain factor(s) secretion, which may
stimulate the CA, the effect of the protocerebral parts of the brain from 24 and 48 h old,
sugar-fed donors were examined. On day 3 of adult age, about 90% of the total pupal fat
body cells disappeared in non-ligated flies (and non-implanted) control flies. In neck-
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ligated flies receiving brain implants from 24 h-old donors, ca. 70% of the pupal fat body
had disappeared by day 3. In the neck-ligated flies, which received brain parts from 48 hold donors, ca. 45% of the pupal fat body volume had disappeared by day 3. In contrast,
in neck-ligated, but sham-implanted flies only ca. 40% of these cells had disappeared by
day 3. Since the implanted protocerebral parts contained median and lateral
neurosecretory cells (Hsiao and Fraenkel, 1966, Dai et al., 1987), these cells may secrete
some factor(s) into the hemolymph to activate JH production by the CA. Data indicated
that the 24 h-old brain provided more brain factor(s) than the 48 h-old brain. Whether a
12 h-old brain contained even more brain factor(s) was not tested.

Characteristics of the dying pupal fat body cells

Some morphological changes of the dying pupal fat body cells were observed. One
obvious change was the cell size. The size of the dying cells decreased with increasing age
of the fly. Another change was cell density. Pupal fat body cells of the newly emerged
flies sank in the saline, but the dying cells from flies 48 h or older usually floated. Also,
the dying cells usually adhered themselve tighter to the body wall or to the adult fat body.
But, the fat cells of the newly emerged flies were usually floating free in the hemolymph.
These observations need further ultrastructural and biochemical characterization to
determine if programmed cell death is involved.
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Fig. 2.2. Effect of ovariectomy on the disappearance of abdominal pupal fat body.
Ovariectomy was performed within 12 h of adulthood. All the flies were fed on a 4.3%
sugar solution during the entire course of the experiment. The volumes of abdominal pupal
fat body were measured daily. Each datum point represents two replicates of 8 females.
Vertical bar for each datum point represents ± SEM.
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Fig. 2.3. Effect of neck ligation on the disappearance of abdominal pupal fat body.
Neck ligation was performed within 3 h of adult age. Each datum point represents two
replicates of 10 females. Vertical bar for each datum point represents ± SEM.
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Fig. 2,4. Effect of brain implantation on the disappearance of abdominal pupal fat body in
neck-ligated flies.
Neck-ligation was performed within 3 h of adult eclosion. Brains from 24 h and 48 h-old,
sugar-fed female donors were implanted 4 h after the neck ligation. Each datum point
represents two replicates of 5 females. Vertical bar for each datum point represents ±
SEM.
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Discussion

The results of this study indicate that JH is required to facilitate disappearance of the
pupal fat body in Phormia regina. An unknown brain factor may be indirectly involved.
This putative brain factor may be an allatotropin-like hormone, which can stimulate JH
biosynthesis and release by the CA. Allatectomy performed at different times (Table 2.1)
indicated that the CA is required for the first 36 h of adult age in sugar-fed flies. More
study should be done to examine whether JH III or JH III bisepoxide (JHB3), or methyl
farnesoate (MF) can also promote pupal fat body disappearance like the methoprene
tested in this study, since JHB3, JH III, as well as MF, are innate juvenoids produced by
the CA of sugar-fed P, regina at 24 h of adulthood (Yin et al., 1995). The timing of the
secretion of these three juvenoids strongly suggests that they may have something to do
with pupal fat body disappearance.

In previous reviews on programmed cell death (PCD), disappearance and remodeling of
the larval fat body during insect metamorphorsis are discussed (Lockshin, 1980). Cells
that undergo PCD have a distinctive morphological feature which is referred to as
apoptosis (White et al., 1994; Steller, 1995). During apoptosis, the nucleus of the cell
becomes condensed and nuclear DNA is degraded into DNA fragments (Raff, 1994;
Thompson, 1995). Microscopic study of larval fat body of the blow fly, Protophormia
terraenovae, shows that the nuclei of the degenerating larval fat body cells become either
condensed or disappeared (Scott and Morrison, 1981). It is very likely that larval (pupal)
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fat body disappearance in higher Diptera belongs to the category of PCD. However,
more direct evidence from more species is needed to substantiate this generalization.

Cell death is induced by either hormonal cues or cell-cell interactions (White et al.,
1994). Genetic studies in D. melanogaster has shown that the onset of apoptosis is
influenced by many different intra- and extracellular signals (Steller, 1995). In D.
melanogaster, treatment with JH analogue greatly increased the rate of "pupal" fat body
disappearance in isolated abdomens (Postlethwait and Jones, 1978). In the present study,
JHA treatment also significantly increased the rate of pupal fat body disappearance in
allatectomized P. regina. It is interesting that a JH III binding protein is found in nuclear
fractions of Drosophila larval fat bodies from newly eclosed adults (Shemshedini and
Wilson, 1993). This suggests that JH could act directly on the pupal (larval) fat body cell.
White and co-workers (1994) have found that initiation of PCD (apoptosis) during
Drosophila embryogenesis is under genetic control. Furthermore, a universal activator of
apoptosis {reaper) has been discovered in Drosophila (Steller, 1995) Cycloheximide (an
inhibitor of protein synthesis) can inhibit fat body cell disappearance in D. melanogaster,
which suggests that new protein synthesis is required for fat cell disappearance
(Postlethwait and Jones, 1978). It has been proposed that JH may act in the nucleus and
regulate gene expression (Engelmann, 1990; Shemshedini and Wilson, 1993; Riddiford,
1994). It is possible that JH regulates gene expression to synthesize protein(s) in the
larval (pupal) fat body cells that leads to their PCD.
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Results from the present work clearly demonstrate that the ovary and egg development
are not involved in the regulation of pupal fat body disappearance. However, inM
domestica, ovariectomy results in the retention of pupal fat body, which suggests that the
ovary plays a role in pupal fat body disappearance in house fly (Adams and Nelson, 1970).
A similar role of the ovary in D. melanogaster has been suggested by Postlethwait and
Jones (1978). The present study with P. regina, has shown that the pupal fat bodies of
sugar-fed, unoperated females completely disappeared by the 4th day after eclosion, while
the ovaries of the females still remain at a previtellogenic stage. Further, ovariectomy
within 12 h of adult age did not result in a significantly reduced rate of pupal fat body
disappearance (Fig. 2.2). Therefore, it is unlikely that, ini3, regina, post-vitellogenic egg
development and the disappearance of pupal fat body are closely related.

Results from the neck ligation experiments showed that the brain is also involved in the
disappearance of pupal fat body (Fig. 2.3). Brain implantation experiments further
showed that the brain from younger donors (/. e., 24 h adult age) were more efficient in
promoting pupal fat body disappearance than those from older donors (/. e., 48 h adult
age). This suggests that neurosecretory cells of the 24 h old flies are more active in
secreting a brain factor, which may stimulate the CA to produce/release JH. Using fat
body transplantation experiments, Butterworth (1972) has showed that the rate of larval
fat body cell death in newly emerged Drosophila is much more rapid than that in older
flies (i.e., 8-9 days of age). It is likely that there is a down regulation mechanism, which
controls larval (pupal) fat body cell death, as the fly ages.
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Cell death in many systems is due to the release of acid hydrolases from the lysosomes
(Lockshin, 1969; Lockshin, 1985), and these enzymes also play an important role in
degradation of larval fat body (Van Pelt-Verkuil, 1979). The induction of lysosomal
enzyme activity in Calliphora vomitoria larval fat body is under hormonal control, and
ecdysteroids may be the factor responsible for the induction of acid phosphatase activity
(Van Pelt-Verkuil, 1979, 1980; De Priester et al, 1979). Ecdysteroids also play a role in
the development of lysosomal apparatus in D. melanogaster during the late larval stage
(Thomasson and Mitchell, 1972; Butterworth and Latendresse, 1973). JH may regulate
the synthesis of a protein, which releases the acid phosphatase from lysosome in D.
melanogaster (Postlethwait and Jones, 1978). Therefore, both ecdysteroids and JH may
involved in larval (pupal) fat body cell death. Ecdysteroids may induce the occurrence of
the protein granules, which contain acid phosphatase, during the late larval stage. JH may
cause the release of the acid phosphatase from the protein granules, which result in fat
body cell lysis during early adult stage. The interactions between insect hormones and the
induction and release of lysosomal enzymes still remains unclear at the molecular level and
need further investigation. Whether ecdysone is involved in the disappearance of pupal fat
body in P. regina was not examined in this work. But our previous study have shown
that, immediately after adult eclosion, the hemolymph titer of ecdysteroids is 5.5 pg per
microliter in P. regina. The hemolymph ecdysteroid titer declines to non-detectable levels
at 24 h after emergence and remains non-detectable if flies are provided with only sugar
and water (Yin, et al., 1990). It is possible that hemolymph ecdysteroids of newly
emerged flies indeed play a role in the disappearance of pupal fat body cells in P. regina.
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Recently, it has been shown that physiologic cell death in a wide variety of cell types is
regulated by a number of evolutionarily conserved genes and that some components of the
common cell death pathway have been conserved among worms, insects and vertebrates
(Steller, 1995; Thompson, 1995). InP. regina, JH may act as one of the extracellular
signals that influence key component(s) in a common cell death pathway. Since PCD is a
highly-regulated process (Thompson 1995), a great deal of unknown factors need to be
studied in order to fully understand the mechanism of pupal fat body cell death in P.
regina. The fast-growing body of information on PCD in animal and Drosophila systems
should provide us further insight to gaining a better understanding of the mechanism of
endocrine control of disappearance of pupal fat body in P. regina.
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CHAPTER III
THE ROLE OF NUTRITION AND THE CORPUS ALLATUM IN THE
REGULATION OF MATING BEHAVIOR OF BOTH MALE AND FEMALE
PHORMLA REGINA (MEIGEN)

Introduction

Many aspects of insect sexual behavior are under neuroendocrine control (Barth and
Lester, 1973). Endocrine regulation of sexual behavior has been well studied in
orthopterans and dictyopterans (Barth and Lester, 1973; Pener, 1986; Schal and Smith,
1990). Depending on species, the CA (JH) of acridids plays important roles either in the
regulation of sexual behavior in both or either sex, or exerts only partial or no control at
all over mating behavior (Hartmann et al., 1972; Pener, 1986; Orshan and Pener, 1991).
Sexual receptivity of female cockroaches in several species is regulated by JH (Barth and
Lester, 1973). JH induces female contact sex pheromone production in the German
cockroach, Blattella germanica (Schal et al., 1990). In the male cockroach, Supella
supellectilium, the CA is essential for the development of sexual behavior and
aggressiveness (Pathak and Mukerji, 1989). Gadot and co-workers (1989) find that, in B.
germanica, grouping and mating modulates the activity of the C A. The rate of JH III
biosynthesis in isolated virgin females of this cockroach is significantly lower than that of
grouped females or isolated, but mated females.

The CA is involved in the development of dipteran female sexual receptivity in several
species (Barth and Lester, 1973). In female Aedes aegypti, JH terminates the post-
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emergence refractory period and initiates sexual receptivity (Lea, 1968; Gwadz, 1972). A
protein diet plays an important role in ovarian development and mating behavior in
anautogenous dipterans (Adams and Nelson, 1990; Barton Browne et al., 1976;
Stoffolano, 1974). Without an adequate protein meal, no mature eggs nor mating
behavior can be developed in these anautogenous species. It has been shown that, after
protein ingestion, receptivity of both female Lucilia cuprina (Browne et al., 1976) and
Phormia regina (Stoffolano, 1974) is increased. In an anautogenous strain of Musca
domestica, a protein diet affects the function of the corpus cardiacum (CC), and female
mating receptivity is under hormonal control from the CC (Adams and Nelson, 1990).

Compared to studies with females, there are fewer studies on the relationship between
the diet and neuroendocrine control of male mating behavior in higher Diptera. Anderson
(1978) shows that a blood meal is necessary for the male of Stomoxys calcitrans to
properly inseminate the female. Tobin (1979) and Stoffolano et al. (1995) show that a
protein meal is essential for the male of P. regina to turn on mating activity. In a review
of mating behavior of tsetse flies, Wall and Langley (1993) note that at least one blood
meal is necessary for the male to develop the accessory glands, which are important to
allow successful insemination. However, the details of how the protein diet in any species
may initiate male mating behavior remains unknown.

The interactions between nutrition, endocrines and oogenesis in the blow fly, P. regina,
have been studied during the past few years (Yin and Stoffolano, 1990; Yin and
Stoffolano, 1994). Adult female P. regina survives on a carbohydrate diet but requires a
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protein meal for ovarian development. Previous data have shown that a protein meal
activates the CA to produce JH (Liu et al., 1988; Zou et al., 1989). JH is essential for
supporting vitellogenesis within 12 h after a liver meal (Yin et al., 1989, 1990; Qin et al.,
1995). However, an even higher rate of JH biosynthesis by the CA has been observed for
the ensuing 48 h (Zou et al., 1989; unpublished data). It has been hypothesized that this
high JH biosynthesis may be involved in regulating female sexual behavior. It is not
inconceivable that JH may also regulate male sexual behavior in P. regina.

Both male and female P. regina have a cuticular hydrocarbon that acts as a species
recognition chemical and also serves as a mounting stimulus for males (Stoffolano et al.,
unpulished data). Since both sugar- and liver-fed females produce this cuticular
hydrocarbon, the failure of sugar-fed females to be properly inseminated by sexually active
males was not due to her lack of this exogenous mounting stimulants (Stoffolano et al.,
unpublished data). The above finding, thus, further focuses our attention on the
endogenous neuroendocrine system as a link between diet and mating behavior in male
and female P. regina.

The roles of a protein meal and the CA in the regulation of male and female mating
behavior of P. regina were examined The objectives were to: 1) determine how much
protein is needed to activate sexual behavior in both males and females; 2) determine the
roles of the CA (JH) in regulating sexual behavior in both sexes; 3) determine whether
there is a relationship between ovarian development and sexual receptivity in females.
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Materials and Methods

Fly rearing and follicle staging

P. regina colonies were maintained as previously described (Stoffolano 1974; Zou et al.,
1988). Pupae were collected daily and allowed to emerge in screened cages. During the
first 3 days of adult age, all flies were fed a 4.3% (i.e., 0.125 M) sucrose solution. Male
and female flies were sexed within 4 h after emergence and reared separately. All flies
were kept at 28 ± 2 °C and under a photoregime of 16 h light and 8 h dark. Beef liver
was used to provide dietary proteins.

To assess the stage of oogenesis, ovaries were dissected in Phormia saline (Chen and
Friedman, 1975) at various times following treatment(s). The degree of terminal follicle
maturation was staged according to a 10-stage scheme by Adams and Reinecke (1979).
Terminal follicles, prior to the presence of visible opaque materials {i.e., presumably yolk)
in the oocytes, were considered pre-vitellogenic and classified as stages 1 to 3.
Vitellogenic follicles {i.e., those containing visible, opaque materials) were categorized as
stages 4 to 9, while fully mature, chorionated eggs were considered stage 10. Ages of
adult flies were recorded as follows: day 1 was the day of emergence, day 2 was between
24 and 48 h, etc.
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Surgical procedures

Allatectomy (CA~): CA" were performed on newly emerged males and females (i.e.,
within 4 h of adult emergence). The flies were anesthetized with CO2 and chilled on ice
for 5 min before surgery. Plasticine was used to hold the body of the fly in position on a
dissection dish. The head was bent forward using a plasticine strip to expose the neck
area for CA removal. An incision was made through the neck membrane. CA" was
performed by the method of Thomsen (1942). Only the CA was removed and the CC
remained intact. Sham-operated flies received the same kind of treatment except that the
CA was just gently touched by the forceps tips instead of removed. The forceps were
rinsed with 70% alcohol after each operation. The mortality rate of the CA" flies was
20% during the 6-day experimental period (N=100).

Ovariectomy (OV"): OV" was performed within 12 h after adult emergence. The females
were kept in position in the dissection dish with plasticine. OV" was performed as
described by Strangways- Dixon (1961). A small incision was made posterior to the
penultimate pair of abdominal spiracles. The tracheae, which connect the ovary to the
abdominal segment, were grabbed by one pair of forceps, while the ovary was removed by
another pair of forceps. The forceps were rinsed with 70% ethanol after each operation.
The mortality rate of OV" was 30% during the 6-day experimental period (N=60).
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Liver feeding

Sucrose solution (4.3%) was removed from the fly cage 12 h before the liver feeding to
allow the crop to become empty. By doing this, about 96% of the total crop volume,
which previously was occupied by sugar solution, was emptied so that a fly could feed on
protein to its maximum potential (Yin et al., 1994). Liver feeding began at 72 h after
adult emergence for all flies, unless otherwise stated. Beef liver alone was homogenized in
a ceramic mortar and transferred into a 16 oz clear plastic cup before 6 to 8 flies were
placed into the cup. Flies were allowed to feed on liver for 1.5 h. Close observation
indicated that this duration of feeding allowed about 90% of the flies to feed to repletion
judged by the exposure of abdominal intersegmental membranes).

Estimation of weight of liver meal

All flies were reared individually in a 16 oz clear plastic cup in this experiment. To
observe the relationship between mating behavior and the liver meal size, flies with an
expected empty crop were allowed to feed on liver homogenate for different periods of
time up to 1.5 h. Thus, the difference between post-liver-feeding and pre-liver-feeding
weights of a fly reflects the weight of the liver meal. After liver feeding and weighing,
each fly was transferred to a new cup with 4.3% sucrose solution.
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Methoprene treatment

A synthetic JH analogue, ^-methoprene (90% pure, a gift from Zoecon Corp.) was
dissolved in acetone to a concentration of 5 pg/pl. Males and females were fed with liver
homogenate on day 3 as described above. At 12 h after the onset of liver feeding, CA’
flies were divided into three groups. Each fly in group one received topically 10 pg of
methoprene in 2 pi of acetone applied to the ventral surface of the abdomen. Those in
group two received topically 2 pi of acetone to serve as the solvent control. Group three
served as the untreated control.

Mating test

All mating studies were conducted when flies were 5 days old (120 h). Female mating
was studied by introducing 2 virgin males into a 16 oz clear plastic cup, which contained a
single virgin female. Male mating was studied by introducing 2 virgin females into a 16 oz
clear plastic cup, which contained a single virgin male. All of the flies were fed with liver
at 72 h after adult emergence unless otherwise stated. Prior to the mating test, the males
(females) were captured in a glass vial and immobilized on ice. The males (females) were
allowed to recover from the anesthesia for 30 min before the mating test started. The
sexes were placed together for a 16 h period at 28 ± 2 °C under constant light. The
experiment was repeated 3 times to allow statistical analysis.
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Examination for spermatozoa

The spermathecae of the females were dissected out at the end of the 16 h mating period.
They were placed in a drop of Phormia saline on a microscope slide and were crushed by
gently applying pressure on the cover glass. Phase contrast light microscope (400X) was
used to examine the spermathecae. Presence of sperm in the spermathecae confirmed that
the female was inseminated.

Results

Effect of diet and meal size on successful insemination in male P. regina

Mating was far less frequent in sugar-fed males compared with their respective liver-fed
controls. Without a liver meal, the male's ability to inseminate the female was very low
during the 16 h period. If both males and females were only fed on sucrose solution a
4.3%, no insemination occurred.

To determine if the size of one liver meal affects the male's ability to inseminate females
in a 16 h period, males with different sized liver meals were placed together with replete
liver-fed females. All females used in this experiment had a post-liver-meal weight of 55
mg or more, which supports full ovarian development (stage 10) in more than 90% of the
flies (Yin et al., 1994). On average, the liver meal size of 30 males, which were allowed
to feed on liver for 1.5 h, was 9.3 ± 2.4 mg (mean + SD). Results in Table 3.1 showed
that ingestion of as little as 2.1-4.0 mg liver by males significantly increased the rate of
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insemination of females. A liver meal of this size resulted in 40% of the males
inseminating females. Ingestion of 4.1 to 6.0 mg liver by the males resulted in ca. 56% of
the males successfully inseminating the females. A liver meal weighing 10.1 mg or more
resulted in 84% of males inseminating at least one female 2 days after the liver meal within
the 16 h period.

When body and post liver meal weights were considered together, a combined weight of
40 to 45 mg or more was needed to support successful mating in ca. 76% of the males
(Table 3.2). Only 17% of males, which weighed less than 20 mg after the liver meal,
successfully inseminated females.

Effect of diet and meal size on successful insemination in female R regina

The effect of liver meal size and mating in female P. regina is showed in Table 3.3. Only
7% of the females fed only a 4.3% sucrose solution were inseminated during the 16 h
testing period. Only 21% of the females, which had a liver meal of less than 5 mg, were
inseminated. A liver meal weighing 10.1 to 15.0 mg greatly increased the female sexual
receptivity leading to ca. 71% of the females being inseminated. Stages of the oocytes
were correlated with the incidence of insemination. As shown in Table 3.4, only 11% of
the flies which had previtellogenic follicles (i.e., stages 1 to 3) contained sperm. However,
the incidence of insemination significantly increased from 24% for females with stage 4
oocytes to 88% for females with stage 10 oocytes.

69

Table 3.1. Relationship between the size of the liver meal ingested by male P.
regina and the percentage of males inseminating females

% Insemination

Meal Weight (mg)

N#

0.1-2.0

3/22

14 ± 1 a

2.1-4.0

12/30

40 ± 10b

4.1-6.0

15/27

56 ±lObc

6.1-8.0

12/20

60 ± 1 lbcd

8.1-10.0

22/30

73 ± 6 cd

10.1 or more

21/25

84 + 6 d

Each male was reared individually. One liver meal was given at 72 h of adult
age. Each male was confined with two females for 16 h two days after liver
feeding. All the females ingested a liver meal > 20 mg. Each datum represents the
mean ± SD of 3 replicates of 6-10 flies. Size of the liver meal was determined by
subtracting the post-liver-meal body weight by the pre-liver-meal body weight
within 10 min after the liver feeding. The ability of the male to inseminate the
female was determined by the presence of spermatozoa in the female. Means of
different groups not followed by the same letter were significantly different from
each other (one way ANOVA, P < 0.05). N#: Number of males inseminating the
females vs. total number of males tested

70

Table 3.2 Relationship between post-liver-meal weight and the
percentage of males inseminating females

P.L.M. Weight (mg)

N#

% Insemination

<20.0

3/18

17 ± 3 a

20.0-25.0

5/19

26 ±5 a

25.1-30.0

9/25

37 ±6 a

30.1-35.0

16/28

57 ± 8 b

35.1-40.0

19/27

70 ± 6 be

40.1-45.0

22/29

76 ± 5 be

>45.0

19/24

79 ±7 c

Each male was reared individually and weighed 10 min after the liver meal.
Post-liver-meal (P.L.M.) weight reflected the combined body and meal weight.
Each male was put together with 2 females for 16 h. Each datum (% insemination)
represents 3 replicates of 5-10 males. Means of different groups not followed by
the same letter were significantly different from each other (ANOVA, P < 0.05).
N#: number of males inseminating females vs. total number of males tested.

71

Effect of the CA on the ability of male P. regina to successfully inseminate females

Allatectomies (CA-) were performed on newly emerged males to determine the role of
the CA in regulating male mating behavior. As summarized in Table 3.5, CA" males
showed greatly depressed mating behavior compared with sham-operated males.
Mounting still occasionally occurred in CA" males. However, most of the CA" males
initiated mounting 1 to 2 h later than sham-operated males (data not shown). Methoprene
treatment at 12 h after the onset of liver feeding (i.e., 10 pg per fly) significantly increased
the male's ability to inseminate females. About 64% of the CA" and JHA treated males
inseminated females, while only 29% of the solvent control males successfully mated
(Table 3.5). Therefore, the CA and JH affected the ability of the male to inseminate the
female in P. regina.

Effect of the CA on sexual receptivity of female P. regina

C A" were performed on newly emerged females to examine the role of the C A in
regulating female mating behavior. As summarized in Table 3.6, CA" and liver-fed
females showed significantly reduced sexual receptivity (i.e., based on insemination) than
that of the sham-operated flies. However, about 33% of the CA" and liver-fed females
were still inseminated. None of the ovaries of CA" flies developed beyond stage 5.
Methoprene treatment (i.e., 10 pg per fly) at 12 h after the onset of liver feeding restored
both ovarian development and female sexual receptivity. The percentage of insemination
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for CA“ and methoprene-treated flies was not significantly different from that of shamoperated flies. Thus, the CA (JH) plays an important role in controlling both ovarian
development and sexual receptivity in female P. regina.

Effect of ovariectomy on sexual receptivity in P. regina

Ovariectomy (OV") was performed within 12 h after emergence to determine the role of
the ovaries in sexual receptivity. As shown in Table 3.6, about 24% of the OV flies were
inseminated compared with 75% in the sham-operated control flies. A reduction in
mounting occurred in OV" females accordingly. However, most of the mounting was
ended within 0.5-1 min due to dislodging of the male by the female (data not shown).
Therefore, the ovaries may play a direct role on sexual receptivity in P. regina.
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Table 3.3 Relationship between the liver meal size and the
percentage of females being inseminated

Meal Weight (mg)

N#

% Insemination

Sugar only

2/28

7±6 a

0.1-5.0

5/23

21 ±6 b

5.1-10.0

11/24

46 + 7 be

10.1-15.0

17/24

71+8 cd

15.1-20.0

19/26

72 ±13cd

20.1 and more

20/24

83 ± lOd

Size of a meal was determined by subtracting the post-liver-meal body weight by the
pre-liver-meal body weight within 10 min after the liver meal. Each female was placed
together with two males for 16 h two days after the liver meal. Means of different groups
not followed by the same letter were significantly different from each other (ANOVA, P <
0.05). N#: number of females inseminated vs. total number of females tested.
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Table 3.4. Relationship between sexual receptivity and the stage
of ovarian development in female P.regina

Oocyte Stage

N#

% Insemination

1 to 3

3/28

11 ± 2 a

4

7/29

24 ±5 a

5

12/23

52 ± 10b

6

17/25

68 ± 9 be

7

23/30

77 ± 6 be

8

22/29

76 ± 5 be

9

20/24

83 ±7 c

10

22/25

88 ± 12c

Females were fed with liver except for the oocyte stage 1 to 3 group. Each female was
placed together with 2 liver-fed males for 8 h. The females were disected and the ovaries
were scored after the 8 h period. Means of different groups not followed by the same
letter were significantly different from each other (ANOVA, P < 0.05).
N# : Number of females inseminated by males vs. total number of females tested.
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Table 3.5. Effect of allatectomy and JHA treatment on the ability of the
males to inseminate receptive females

Treatment

N#

% Insemination

CA-

6/25

24 ± 2a

7/24

29 ± 4a

16/25

64 +9b

Sham CA'

20/26

77 +3b

Unoperated-Control

20/25

80 +7b

CA" + Acetone
CA- + JHA

Methoprene 10 pg was applied topically at 12 h after the onset of liver feeding to CA"
males. Acetone 2 pi was applied topically to solvent-control CA' flies. Each male was
placed together with two liver-fed females for 16 h at 24 h after the JHA treatment.
Means of different groups not followed by the same letter were significantly different from
each other (ANOVA, P < 0.05). N#: Number of males inseminating females vs. total
number of males tested.
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Table 3.6. Effect of allatectomy, ovariectomy and JHA treatment on sexual
receptivity of female P. regina

Treatment

N#

% Inseminated

OV*

6/25

24 +4a

CA-

10/30

33 ± 6a

CA" + Acetone

10/29

34 ± 5a

CA- + JHA

16/22

73 ±2b

Sham-CA'

18/23

79 ± 6b

Sham-OV-

18/24

75 ±4b

Unoperated-Control

20/24

83 ±7b

Allatectomy or ovariectomy were performed within 4 or 12 h after adult emergence,
respectively. JHA and acetone treatments were performed within 12 h after liver feeding.
Each female was put together with 2 males for 16 h at 24 h after the treatment.
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Discussion

The results in this study show clearly that a protein diet plays an important role in
initiating mating behavior in both male and female P. regina. Mating was completely
suppressed if both male and female were fed on a carbohydrate diet. Meola et al. (1977)
also find that mating of male and female S. calcitrans is completely suppressed by a
carbohydrate diet. Both autogenous and anautogenous strains ofZ. cuprina exist
(Williams, 1977). Barton Browne (1958) show that protein is essential for anautogenous

L. cuprina to be fully sexual receptive, while the autogenous L. cuprina does not require
protein to develop sexual receptivity during the first egg cycle.

In anautogenous flies, protein ingestion by females is generally higher than that of males
(Belzer, 1978; De Clerck and De Loof, 1983). Therefore, it is not surprising that in P.

regina, there is a great difference between the size of the protein meal required by the two
sexes to support the development of their normal mating behavior. De Clerck and De
Loof (1983) find that in Sarcophaga bullata, when an ecdysterone-containing sugar
solution is ingested by males, an increase in protein uptake occurred. Similar experiments
performed with JHA show that both sugar and protein intake are increased. However, in
female P. regina, before an adequate liver meal, the hemolymph ecdysteroid titer was at a
nondetectable level except in the initial hours of the adulthood. The hemolymph
ecdysteroid titer rapidly increased to the peak level after a liver meal provided to the flies
at 72 h after adult emergence (Yin et al., 1990). Therefore, in P. regina, it is protein
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uptake that leads to an increase in ecdysteroid titer instead of a high ecdysteroid level
inducing a greater protein ingestion in the female.

Barton Browne et al. (1992) show that the size of liver meals ingested by female L.

cuprina was significantly reduced when the ovaries approached maturation. Rachman
(1980) also shows that the size of protein meals taken by female P. regina was affected by
the stage of ovarian development. Thus, the anticipated demands of ovarian development
have a great influence on protein intake in female blow flies. The amount of protein
ingested by males to allow development of normal sexual activity is much less compared
with that needed for egg development by females. Sex differences might play a role in
neuroendocrine control of the differences in protein uptake between the male and the
female of P. regina.

Mating is correlated with the stage of ovarian development inM domestica, L. cuprina,

P. regina, Calliphora vomitoria and Delia antiqua (Adams and Hintz, 1969; Barton
Browne et al., 1976; Crystal, 1983; Trabalon etal., 1987; McDonald and Borden, 1995).
Results in the present study indicated that sexual receptivity is somewhat related to the
stage of ovarian development in P. regina. Earlier studies by Crystal (1983) shows that in

P. regina, there was only 4.3% to 11.9% of the females with early vitellogenic follicles
(stage 4-5) mated. The present work found there was about 24%-52% of the mated
females had stages 4 to 5 follicles. Compared with results obtained by Yin et al. (1994), it
is interesting to note that 10-15 mg of the liver meal, which leads to about 71% of the
females mating, only support development of mature eggs in 38% of the females (Yin et
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al., 1994). Thus, there is a difference between the dietary protein requirement to support
ovarian maturation and that needed to develop sexual receptivity. Initiation of female
sexual receptivity in P. regina required less protein and occurred before the follicles
became fully matured.

The regulation of male mating behavior by the CA has been extensively studied in
orthopteran insects (Barth and Lester, 1973). In the grasshopper, Melanoplus

sanguinipes, CA" significantly slowed the development of mating behavior in males and
the accessory glands of CA' males were less developed than those of controls (Cheeseman
and Gillott, 1990). In the red locust, Nomadacris septemfasciata, the CA completely
controls male sexual behavior (Pener, 1968).

In Diptera, most of the previous studies are focused on the relationship between the CA
and the development of female receptivity. De Clerck and De Loof (1983) show that in
the blow fly, S. bullata, topical appication of 5 pg methoprene significantly increased the
number of successful matings in males than the controls. Ringo and co-workers (1991)
show that female sexual receptivity is greatly reduced in JH-deficient mutants of the
apterous gene of D. melanogaster. The present study showed that in P. regina, the CA
and JH exerted an important regulation on male sexual aggressiveness (i.e., the ability of
the male to successfully inseminate the female). CA" and liver-fed males had a significant
depression in mating when compared with sham-operated males (Table 3.5). When CA”
males were treated with 10 pg methoprene, 12 h after the onset of liver feeding, there was
a significant increase in successful mating compared with C A -solvent control males. The
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connection between nutrition and neuroendocrine control of male mating behavior still
remains unclear. Anderson (1978) reported that a blood meal is required for male S.

calcitrans to inseminate a female. Furthermore, the blood meal is also a prerequisite for
the development of the accessory glands in S. calcitrans. It is possible that the reduced
ability of males to inseminate females in CA" P. regina is due to underdeveloped accessory
glands. Previous results show that the CA plays a role in regulating protein consumption
in female P. regina (Qin et al., 1995). It was found that sham-operated males were
significantly more active than CA" males, since the sham-operated males spend more time
in flight and initiated mounting earlier and more frequent than CA" males (data not
shown). Thus, the lowered sexual behavior in male P. regina may be caused by lowered
protein and sugar metabolism, which results in an insufficient energy supply to allow
successful mating.

Whether the testes play a role in male mating behavior in P. regina remains unknown. In

L. cuprina, castrated males (i.e., after the testes were removed) expressed similar mating
behavior as did sham-operated males and similar quantities of accessory gland material
was transferred to females by castrated males as occurred in sham-operated males (Smith

et al., 1990). Thus, it is unlikely that the target of the CA hormone is testes in terms of
regulating male mating behavior. The relationship between the CA (JH) and sexual
receptivity has been demonstrated in several dipteran species. Injection of mature CA into
newly emerged D. melanogaster females induced the precocious onset of sexual
receptivity (Manning, 1966). Topical application of JHA significantly increased the sexual
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receptivity of L. cuprina (Barton Browne et al., 1976). Allatectomy on young females
inhibited both ovarian development and mating while JHA treatment restored both to
normal level inM domestica (Adams and Hintz, 1969). Ringo et al (1991) show that
female sexual receptivity is greatly reduced in JH-deficient mutants of the apterous gene of

D. melanogaster. The present study showed that the CA had a great effect on sexual
receptivity in female P. regina. CA" performed 12 to 24 h after the onset of liver feeding
did not have a significant effect on Vg biosynthesis (Qin et al., 1995). Also, most of the
hemolymph Vg has already been taken up by the developing follicles within 48 h after the
liver meal (Yin et al., 1989; 1990). However, according to the hormone profile in P.

regina, there should still be a considerable amount of JH produced between 48 to 56 h
after the onset of liver feeding (Yin et al., 1989; 1990). It is likely that this postvitellogenic peak in the JH titer is related to developing female sexual receptivity.

It has been shown that in the dipteran Ceratitis capitata, precocene II treatment
disrupted pheromone production by the male and that male attractiveness to females is
reduced. (Chang and Hsu, 1982). JH III treatment of precocene II-treated Ceratitis

capitata restores the male sex attractiveness to the female (Hsu and Chang, 1982).
Wicker and Jallon (1995) show that in D. melanogaster, sex pheromone biosynthesis is
under hormonal control and that JH acts to switch cuticular hydrocarbon production from
juvenile to adult forms. Extensive studies on endocrine regulation of sex pheromone
biosynthesis in Diptera has been done only with M. domestica (Blomquist et al., 1987). In

P. regina, little is known about the endocrine control of contact pheromone biosynthesis.
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The present study provides incentives for further study of the hormonal control of
cuticular hydrocarbon synthesis in P. regina.

The present study showed that ovariectomy greatly depressed sexual receptivity in
female P. regina compared to the sham-operated controls (Table 3.6). It seems that the
presence of developing follicles somehow plays a role in mating behavior. In C.

vomitoria, early OV significantly reduced female sexual receptivity (Trabalon et al.,
1988). However, in M domestica, OV" females mated normally (Adams and Hintz,
1969). Furthermore, it has been shown that a protein diet activated the corpus cardiacum
(CC) and ecdysteroid neuroendocrine pathway in controlling mating receptivity in M.

domestica (Adams and Nelson, 1990). It is possible that P. regina may regulate sexual
receptivity via the CA and JH pathway, which is different from the regulatory path in M.

domestica.

Whether ecdysteroids are involved in developing sexual activity in P. regina is unclear.
In C. vomitoria, injection of ecdysteroids at 2 days after emergence inhibited sexual
receptivity and ovarian development (Trabalon et al., 1988). In male S. bullata,
prolonged treatment with ecdysterone reduced mating behavior and the number of
successful matings (De Clerck and De Loof, 1983). However, inM domestica
ecdysteroids induce sex pheromone production, while mating behavior is regulated by the
CC-CA complex (Blomquist et al., 1987). It is difficult to draw a common conclusion on
endocrine regulation of mating behavior due to the great differences among species.
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It is worth noting that in L. cuprina, JHA treatment greatly increases sexual receptivity
of non-protein-fed females (Barton-Browne et al., 1976). Whether JHA treatment can
increase mating in non-protein-fed female P. regina remains to be determinated.
However, topical application of methoprene fails to induce vitellogenesis in sugar-fed P.

regina (Stoffolano et al., 1992). Since sexual receptivity is correlated with the
advancement of ovarian development, it is unlikely that JHA treatment alone can support
hill receptivity in the female. Also, whether JHA treatment on non-liver-fed males can
support the ability of the male to inseminate the female needs to be examined.
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